Introduction
The comfort of a fabric is characterized by several properties such as transmission of heat, water vapor and air, warm or cool feeling on touch, absorbency, and wicking. Knitted fabrics are well known for their excellent comfort properties that are facilitated by the porous structure. Air can easily pass through the interyarn pores of knitted fabrics. On the other hand, knitted fabrics can hold lot of air within the structure resulting in lower thermal conductivity and higher thermal resistance than an equivalent woven fabric. In tropical and subtropical countries, high air permeability and thermal conductivity is required, whereas for winter, low air permeability along with high thermal resistance is desired. These comfort properties are decisively influenced by the material (type of fiber, yarn linear density, etc.), structural (loop length), and process parameters (carriage speed and yarn input tension). Process parameters can actually influence the structural parameters and thereby influence the comfort properties. Therefore, it is important to understand the roles of materials and process parameters affecting the comfort properties.
Many researchers have studied the effect of raw materials and knitted fabric construction parameters on the comfort behavior of fabrics. Investigations revealed that the type of fiber, fiber blends, yarn structure and fineness, fabric structure, and different process parameters affect various comfort properties such as air permeability, moisture management, thermal conductivity, and thermal absorptivity [1] [2] [3] [4] [5] [6] [7] [8] . Some attempts were also made by the researchers to predict and optimize different comfort properties of knitted fabrics using various techniques. Mavruz and Ogulata [9] tried to optimize air permeability of interlock knitted fabrics using different experimental designs. Fayala et al. [10] and Mitra et al. [11] predicted the thermal properties of knitted and woven fabrics, respectively, using artificial neural network. Luo et al. [12] developed a fuzzy neural-network-based model to predict clothing thermal comfort. Cubric et al. [13] investigated on the significant fabric parameters affecting the heat transfer through porous structure and concluded that the thermal resistance of single jersey knitted fabric has a strong correlation with thickness, areal density, cover factor, and porosity.
Most of the researches who worked on the comfort behavior of knitted fabrics are primarily concerned with the individual study of thermal properties or air permeability or moisture management. There is hardly any published literature that encompasses the individual as well as the interactive effect of material, structural, and process parameters on comfort properties, that is, air permeability, thermal conductivity, and thermal absorptivity. In this investigation, the Taguchi experimental design has been used to study the effects of material (yarn count), structural (loop length), and process parameters (carriage speed and yarn input tension) on air permeability, thermal conductivity, and thermal absorptivity for both single jersey and 1×1 rib knitted fabrics. Two noise parameters such as knitting position in the machine and yarn from different cones have been considered for both types of fabrics.
with "digital stitch control system" to control the loop length at desired level. Two noise factors such as fabric production from two different cones and two sides of the machine (right side and left side) were considered in this study. Both single jersey and 1×1 rib knitted fabrics samples were prepared according to the L9 orthogonal array as shown in Table 1 . The controlled factors X 1 , X 2 , X 3 , and X 4 correspond to loop length, carriage speed, yarn input tension, and yarn count, respectively. Two noise factors at two different levels put together four repetitions for each of the nine experimental run. Therefore, the total number of samples was 9 × 4 = 36, each for single jersey and 1×1 rib knitted fabrics. Tables 2 and 3 show the actual values of controlled and noise factors corresponding to their coded levels.
single jersey and 1×1 rib knitted fabrics. All the yarn types used in the experimentation are combed and have same twist multiplier (TM) of 3.42 (TM = TPI / √yarn count). The yarn fineness of all three types of yarns were measured. For each yarn type, two cones were taken, and totally 10 readings are taken (5 readings from each cone) to calculate the actual yarn count. For each reading, 120 yards of yarn were tested for yarn count. The average of 10 readings were considered and compared with the set value. The error was found to be less than 1.2%. Four controlled factors such as loop length, carriage speed, yarn input tension, and yarn count were chosen, and for each factor, three levels were considered. All the fabric samples were made in a 12-gauge (number of needles in 1 inch width of the machine) computerized flat knitting machine equipped best", "larger-the-better", or "smaller-the-better" and can be calculated using the Equations (3)-(5) [19] [20] [21] .
(a) Nominal-the-best
(c) Smaller-the-better
where, ȳ is mean of observed data, S y 2 is the variance of y, n is the number of experiments in the orthogonal array and y i is the i th value measured
In this work, S/N ratios of the response parameters, that is, air permeability, thermal conductivity, and thermal absorptivity, have been calculated based on Equation (4) for larger-thebetter. For each significant factor, the level corresponding to the highest S/N ratio is the optimum level. The response for S/N ratios is an estimate to the rank of significance of the controlled parameters on different comfort properties. An analysis of variance (ANOVA) of the S/N ratio has also been done to determine the percentage contribution of each of the controlled factors on the response parameters.
Results and Discussion
The experimental results for all the 36 single jersey and 36 1×1 rib knitted fabric samples are given in Tables 4 and 5 .
Air permeability
Experimental results of average air permeability and calculated S/N ratios (larger-the-better) for single jersey and 1×1 rib knitted fabrics are shown in Table 6 . It is observed from Table  6 that the maximum S/N ratios of air permeability for single jersey and double jersey knitted fabrics are 48.83 and 41.68, respectively. In case of single jersey knitted fabric, the optimum combinations of parameters that lead to the maximum S/N ratio of air permeability are 7.4 mm, 0.6 m s −1 , 6 cN, and 10 Ne for loop length, carriage speed, input yarn tension, and yarn count, respectively, whereas for 1×1 rib knitted fabric, the optimum combinations of parameters leading to maximum S/N ratio of air permeability are 5.69 mm, 0.45 m s −1 , 6 cN, and 10 Ne for loop length, carriage speed, input yarn tension, and yarn count, respectively.
Measurement of structural and comfort parameters
All the 72 fabric samples (36 single jersey and 36 rib knitted fabrics) were washed in Washcator washing machine as per the EN ISO 6330 for complete relaxation. The samples were conditioned at standard temperature of 20 ± 2°C and 65% ± 4% relative humidity for 48 hours. Subsequently, the samples were evaluated for fabric thickness, areal density, air permeability, thermal conductivity, and thermal absorptivity. For each of the 72 fabric samples, 10 readings were taken for fabric thickness, areal density, air permeability, thermal conductivity, and thermal absorptivity, and then the average values were calculated.
The fabric structural characteristics such as fabric thickness and areal density (mass per unit area) were evaluated according to the ASTM D1777-96 and ASTM D3776-96 standards, respectively. Air permeability tests of knitted fabrics were conducted according to the ASTM D737 standard using TEXTTEST FX 3300 air permeability tester at a pressure gradient of 100 Pa. Thermal conductivity and thermal absorptivity of fabrics were measured using Alambeta instrument according to the ISO EN 31092 standard. In all cases, the measuring head temperature and contact pressure were approximately 32°C and the 200 Pa, respectively. The thermal conductivity of a textile material is its ability to conduct heat through it. Thermal conductivity depends on the material and the porosity [14] . It is expressed as
(5)
where Q is the quantity of heat conducted (J), h is the thickness of the material (m), A is the area of the surface (m 2 ), ∆T is the temperature differential across the material (K), and t is the time (s).
The thermal absorptivity is the measurement of warm-cool feeling of the textile material at first contact of the skin [15] . It is expressed as follows:
where λ is the thermal conductivity (W m −1 K −1 ), c is the specific heat of the material (J kg −1 K −1 ), and ρ is the density of the material (kg m −3 ). A higher thermal conductivity value indicates higher ability of the material to conduct heat and higher thermal absorptivity means cooler feeling and vice versa [16] .
Analysis of the response
The Taguchi method, which uses the design of orthogonal array to study the entire parameter space with small number of experimental run, was used to analyze the responses [17] [18] . Table 1 shows an orthogonal array, which has four control factors, X 1 , X 2 , X 3 , and X 4 , each having three levels. The experimental results are transformed into a signal-to-noise ratio (S/N ratio), which represents the ratio of sensitivity to variability. Maximum S/N ratio signifies minimum effect of random noise factors and vice versa. Therefore, the higher the S/N ratio, the better is the quality. The method of calculating the S/N ratio depends on whether the response parameter is "nominal-the- Table 4 . Experimental values of structural and comfort properties of single jersey knitted fabric Table 7 shows the response for S/N ratios of air permeability for both single jersey and 1×1 rib knitted fabrics. It suggests that the yarn count has maximum impact on air permeability followed by loop length, yarn input tension, and carriage speed for single jersey knitted fabric. However, in case of 1×1 rib knitted fabric, yarn count has maximum impact on air permeability followed by loop length, carriage speed, and yarn input tension. Therefore, yarn count and loop length are the two most dominating factors influencing the air permeability of knitted fabrics irrespective of structure. Figure 1 depicts the effect of various parameters on S/N ratios of air permeability for single jersey and 1×1 rib knitted fabrics. It is evident from the Figure 1 that for both single jersey and 1×1 rib knitted fabrics, air permeability increases with the increase in loop length and yarn count. The change in carriage speed and yarn input tension has negligible influence on air permeability. Table 8 shows the ANOVA summary conducted on S/N ratios on air permeability along with the percentage contribution of different parameters on the response. It is evident from Table   8 that the yarn count is the most dominant factor influencing the air permeability with a contribution of 93.8% and 92.2% for single jersey and 1×1 rib knitted fabrics, respectively. The second dominating factor on air permeability is the loop length, which contributes only 4.5% and 7.2% for single jersey and 1×1 rib knitted fabrics, respectively. This may be ascribed to the fact that the tightness factor of knitted fabrics significantly reduces with the increase in yarn count and loop length. Tightness factor indicates the area covered by the yarn within a repeat area of knitted fabric. The expression of tightness factor for single jersey knitted fabric is as follows:
where Ks is a constant, l is the loop length, and Ne is the yarn count. As the tightness factor reduces, the knitted fabric becomes more open, and thus it allows easy passage to the air causing increase in air permeability.
Furthermore, it is evident from Table 2 that the percentage change in yarn count from lower to upper level is 100% (from 5 to 10 Ne), whereas that for loop length is only around 12% (from 6.6 to 7.4 mm for single jersey knitted fabric and from 5.09 to 5.69 mm for 1×1 rib knitted fabric). Therefore, the yarn count has emerged as the most dominating factor influencing the air permeability. Yarn input tension and carriage speed have little effect on the air permeability because these two parameters have no significant influence on the fabric tightness factor. As tension variations that arise due to change in yarn tension and carriage speed do not change the loop length through "robbing off" in constant feed knitting, the change in tightness factor is insignificant. Table 9 shows the experimental results of average thermal absorptivity and calculated S/N ratio (larger-the-better), whereas Table 10 shows those for thermal conductivity. Tables  11 and 12 show the response of S/N ratio of thermal absorptivity and thermal conductivity, respectively.
Thermal absorptivity and conductivity
It can be seen from Tables 9 and 10 that the largest S/N ratio of thermal absorptivity of single jersey and 1×1 rib knitted fabrics are 43.14 and 45.78, respectively, and that of thermal conductivity are 33.16 and 37.74, respectively. For single jersey knitted fabric, the optimum parameters that lead to maximum S/N ratio of thermal absorptivity and thermal conductivity are 6.6 mm, 0.25 m s −1 , 6 cN, and 5 Ne, respectively, for loop length, carriage speed, yarn tension, and yarn count. On the other hand, for 1×1 rib knitted fabric, the optimum combination of parameters for maximum S/N ratio are 5.09 mm, 0.25 m s −1 , 6 cN, and 5 Ne, respectively, for loop length, carriage speed, yarn tension, and yarn count.
The response for S/N ratios as shown in Tables 11 and 12 suggests that the yarn count has maximum impact on thermal absorptivity and conductivity followed by loop length, carriage speed, and yarn input tension for single jersey knitted fabrics. In case of 1×1 rib knitted fabric, yarn count has maximum impact on thermal absorptivity and conductivity followed by loop length, yarn input tension, and carriage speed. Figures 2 and 3 show the effect of various controlled parameters on S/N ratio of thermal absorptivity and thermal conductivity, respectively. It is evident from the Figures 2 and 3 that the thermal absorptivity and conductivity decrease with the increase in loop length and yarn count for both types of fabrics, whereas the change in carriage speed and yarn input tension have negligible influence on the thermal properties.
The ANOVA summary conducted on S/N ratio of thermal absorptivity and thermal conductivity are tabulated in Tables 13 and 14 , respectively, along with the percentage Table 13 that the yarn count is the most dominant factor to influence the thermal absorptivity with a contribution of 88% and 79.7% for single jersey and 1×1 rib knitted fabrics, respectively. The next dominating factor influencing thermal absorptivity is the loop length, which contributes only 10.7% and 17% for single jersey and 1×1 rib knitted fabrics, respectively. Yarn count and loop length decisively influence the tightness factor of the knitted fabric as shown in Equation (6) . The thermal absorptivity depends on the tightness factor of the knitted fabric, whereas the thermal conductivity depends on the porosity of the fabric. Higher tightness factor implies more coverage of the fabric surface by the constituent yarns and more possibilities of contact with the hot surface. As a result, the thermal absorptivity increases.
It is noted from Table 14 that the yarn count is the most dominant factor influencing thermal conductivity with a contribution of 95.2% and 69.4% for single jersey and 1×1 rib knitted fabrics, respectively. The contribution of the next dominating factor loop length toward thermal conductivity is 2.9% and 23.6% for single jersey and 1×1 rib knitted fabrics, respectively. The influence of yarn count and loop length on thermal conductivity can be explained by the change in fabric porosity. A fabric may be assumed to be a composite of fiber and air. The thermal conductivity of a fabric is the combination of the conductivity of air (k A ) and that of the fiber (k F ), and it is expressed as
where r is the fabric porosity. As the conductivity value of air (0.025 W m −1 K −1 ) is significantly less than that of cotton fiber (≈ 0.2 W m −1 K −1 ), thus a small change in porosity may lead to a significant change in the thermal conductivity of knitted fabrics. The porosity of a textile fabric can be calculated by the following expression:
(1)
W m -1 K -1 (7)
% (8) (8) As the yarn becomes finer, that is, Ne value increases, the areal density and fabric thickness reduce. However, the former reduces at a faster rate as compared to the latter [22] . Thus the porosity increases as the yarn becomes finer. Further, longer loop length increases the fabric porosity. An increase in fabric porosity leads to lower thermal conductivity.
As per the experimental setup, the percentage change in yarn count from lower to upper level is much higher in comparison with that of loop length, the former has more influence than the later on the thermal properties. As the samples were prepared in the knitting machine equipped with "digital control system" to control the loop length, yarn input tension and carriage speed have no significant influence on the tightness factor, areal density, and porosity; hence, they have negligible influence on the thermal properties.
CONCLUSIONS
This study was intended to find out the significant parameters responsible for the comfort properties of a single jersey and a 1×1 rib knitted fabrics by considering the two noise factors using the Taguchi method. It was found that the loop length and yarn count have major impacts on air permeability, thermal absorptivity, and thermal conductivity. Higher loop length and finer yarn count increase the air permeability but reduce the thermal conductivity and thermal absorptivity. Also, the optimum levels of these controlled parameters for each response were obtained. The main advantage of the Taguchi design lies in the introduction of noise factors in the experimentation, which is an uncontrolled factor and delivers systematic, simple, and efficient methodology for the optimization of the controlled parameters as well as the ranking of the same with few well-defined experimental sets. Despite the fact that the use of S/N ratio is usually perceived as controversial as the S/N ratio does not guarantee uncoupling those control factors, which influence the mean, and the control factors that influence the variance yet, the Taguchi approach has several advantages over other methodologies. By combining an inner array of controlled factors with an outer array of noise factors, Taguchi's approach provides full information on control-by-noise interactions. Taguchi argued that such interactions have the greatest importance in achieving a design that is robust to noise factor variation. Also, Taguchi's approach is a "one-shot" experiment with goal being to pick the optimal setting of controlled factors.
